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Abstract

:\;
|
" An elastic body immersed in a fluid will ring when

isonified by sound whos< frequency is the same as one of

the resonances of that body. Correspondence has been
established between these normal mode resonances of the

body and the individual circumferential waves predicted

by creeping wave theory. Insonifying the target by a
relatively long sinuscidal wave train, with a narrow
spectrum centered around, or away from, a selected reso-
nance frequency, results in a series of superimposed
responses consisting of the specular reflection and
succession of creeping waves arriving after repeated
circumnavigations of the body which, at resonance only, add
in phase to generate the ringing response. Echoes from
spherical targets are analyzed in this fashion, and are also
associated with the resonance poles in the complex frequency

plane, obtained by us in the form of contour plots.
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I. Introduction

The ringing of resonunces i1n scund scattering experirents
from elastic cylinders and spheres has first been mentioned by
Faranl. In the computational results for scattered sound
pulses obtained by Hicklingz, ringing effects are evident but
have not been discussed by him. Subsequent studies of pulse
scattering from rigid spheres by Rudgers3, or from elastic
cylinders by Veksler4, observed theoretically certain transient
effects in the backscattering of long pulses, interpreting them
as a coherent superposition of echo pulses specularly returned
from the target, and circumferential surface waves arising after
successive circumnavigations. (For rigid spheres, these surface
waves are exclusively of external, or "creeping" type, while for
elastic bodies they are predominantly internals).

A recent series of experimental studies on elastic cylinders

6,7 has been devoted to the measurement of

by Ripoche et al.
transients as they occur in the scattering of long incident pulses.
Together with theoretical analysisa, these studies have developed
the "Method of Isolation and Identification of Resonances (MIIR)"
in which the transients trailing the main reflected pulse at a
resonance frequency (i.e., the "ringing”), but absent off
resonance, have been employed as a highly sensitive means for
obtaining the resonance spectrum of elastic cylinders or shells,

thus contributing significantly to the emerging technology on

the classification of submerged targetsg.




Previous work by one or the present authors and

10-
collaborators‘O 13

on transient scattering from a sphere

has shown, for the case of shurt incident pulses, how the
scattering amplitude can bhe expressed as 1 residue series

over its complex-frequency poles, the latter representing the
resonant eigenfrequencies of the target. The broad spectrum
of a short pulse, stretching over ﬁany poles, necessitated the
inclusion of a large number of residues in the mentioned calcu-
lation. By employing a long pulse with a spectrum narrower

than the spacing between poles, however, it is possible to

selectively excite a given resonance by choosing the carrier

frequency to coincide with the resonance frequency, or not to
excite it by choosing a carrier frequency different from a
resonance frequency. As a consequence, and as demonstrated by

8

Ripoche's works- , it is possible to excite one resonance at a

time, a procedure which may be employed for target identifica-
tion purposese’l4.

In the present work, we study the excitation of elastic-
sphere resonances by long sinusoidal wave trains, and investigate
how the initial and final transients in the echo which appear
near a resonance frequency can be interpreted by multiply-circum-
navigating circumferential wave trains. The relation of initial
transients, and of the interference of reflected and circum-
navigating pulses, to the acoustic form function of the target

is established. 1In this connection, we also obtain contour plots

of the scattering function in the complex frequency planes (an

-




extension of the form furnction into the complex domain) for
aluminum, tungsten carkide, und lucite spheres which greatly
aid in the understanding of the real-frequency form function,
and of the transient effects appearing in the returned pulse

trains.

I1. Steady State Theory, and Pole Contour Diagrams

Theoretical expressions for the acoustic scattering
amplitude from an elastic sphere have been given in the
literaturels. A plane wave

. Jilkz-wi)
Pinc = © (1)

incident on an elastic sphere of radius a centered at the origin,

with k = /c, leads to a far-field backscattering amplitude

Py = (a/2r)etKE- W) iy, (2)

with a form function

foxy= i L.y, (3a)

ne 4

f,‘(n = (4/ax) -1 (m+1) B, (3b)

where x = ka denotes the non-dimensional frequency of sound
in the ambient fluid.

The coefficients B, are given by

B - A: (du.dn‘du dn)‘ A;(dudss-daz d!-’) (4a)
, .
n du (dud”- dudzs) - dyy (dudn‘ dy, dyy )
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A,
Ay, = xgu'(x),

~(g/ps) 2’ g. (%),

and where jn(x) are the spherical Bessel functions, and

hn(l) the spherical Hankel functions of first kind.

Here, Q and Qs denote the densities of the surrounding fluid
(which will be taken as water with @ = l.?m/cm3 and of the
sphere, respectively; further, y = (cl /c) x and z = (cs/c) X

contain the longitudinal and shear speeds c¢

’t,c,,ofthe

sphere material, respectively
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Form functions ha'¢ twen calculated as a function of real
frequency for tungsten carbide, aluminum, and lucite spheres
using the material pararcters shown in Table I. In addition,

the values of |f(x)| were also obtained in the form of contour
plots over a region of the complex-x plane. Our results are |
displayed in Figs. 1-3, showing in the top portion the form
function modulus ]F(x)‘ plotted over the real frequency axis,
and in the bottom portion contour plots of lf (x)l over the
complex frequency plane. Figure 1 refers to tungsten carbide,
Fig. 2 to aluminum, and Fig. 3 to lucite. While the form

function plots for real x of spheres of these materials are

well-known, our contour plots reveal important new aspects of
,ﬂ fx)‘. Analogous contour plots were also obtained for the
case of radar scatterin916’17.

The dark areas of the figures denote large values of
\‘ (x)\, and contain the poles of the form function. The three
prominent pole chains, converging in the lower -left corners of
Figs. 1-3, are due to the resonances of external (Franz, or
creeping) surface waves as they span the sphere's circumference
with successively increasing (half-) integer numbe;s of wave-
lengthslo-lz. Above the least-damped (i.e., having smallest
imaginary parts) Franz-pole (F) chain one recognizes in Figs. 1
and 2 a much more widely spaced chain of much narrower poles

corresponding to the Rayleigh wavele, an internal surface wave

with speed comparable to the bulk wave speeds in the material, 8

Akl b : - . . 'y



faster than that of the Franr wuaves (hence the wider spacina).
For lucite (Fig. 3), the identification of the Ravleigh (R)
poles is less unambiguous, since several pole chains crowd
here close to the real frequency axis. In fact, further pole
chains (closer to the real axis) are also contained in Figs.
1 and 2, but are hardly visible, since these poles Lwhich are
due to Whispering-Gallery (WG) wave resonances] are sO narrow
that they have often not been registered by our contouring
procedure. Examples of these are given in Fig. 10 of
Reference 15; in addition, Fig. 4 shows a blow- «f the
contour diagram of Fig. 1 (tungsten carbide) b +zen x = 13.3
and 14.3 in which a Rayleigh pole (lower right 1 a WG pole
(upper left) are both visible, together with the interference
features they cause in the form function.

It is interesting to see from Figs. 1-4 that every R and
WG pole seems to be accompanied by a zero in the form function
(contained in the white areas), while for F poles, such an
association is not strictly one-to-one, apparently. Extra-
polating all these contour diagrams to the real axis results
in the form function plots of Figs. 1-4 (top). The inter-
ference features of these have been analyzed earlierla,
but they now become more easily understandable by comparison
with the contour plots. The deep minima in the form function
are evidently due to the R-zeros (rather than the R-poles
themselves), and the narrow interferences are due to the WG
zeros and/or poles. The physical origin of these inter-

. 18 . .
ferences can be attributed to the destructive interference
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of the R-wave echoes with : specialirluv-reflected echo (see
also an analogous effect in the refloction of sound from

. 19 . . .. .
fluid lavers "), while in the case of a lucite sphere (Fig.
3), the presence of peaks rather than interference minima in
the form function can be seen from the associated contour
plot to be due to the greater closeness of a pole chain to

the real axis, rather than that of its accompanying zeros.

III. Theory of Transients, and Numerical Results

An incident plane-wave pulse can be represented by the

Fourier integral
Pine (2/t) = IG(k)elk(z_Ct)dk/Zf'. (5)

A sinusoidal wave train

s[nwo‘t 05{‘.5&?,

e (270, 1) = (6a)
Prnc , 0 elsewhere

with carrier frequency W, and time duration tp has a spectrum

1— f()u—xo)fp 1 -e/‘:(x‘xg)—cp

4 _1-¢€ - (6b)
“‘G(k) 2 (x+ %o) 2 (x-%s) ’ ‘

where wedesignate 1a;=ctp/a, X, = a.u%/c. Introducing

backscattered form functions {? (x) and ;i’(x) by
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results in the expressions for the pulsed case:

~ 0
£ (ty=)  fu (T), (8a)
m=1

f'n (T) = (’1\% vai (G(k)B (k)Q-"*t Ax /%, (sb)

where we have introduced a non-dimensional time variable
T = (ct-r)/a. 1In the calculations to follow, Egs. (8) were
evaluated using numerical integration.

Figure 5 shows in the center part an incident
pulse train, having a length ’Cb = 25 (i.e., covering a
length of 25 radii), and a carrier frequency X, = 14.07.
The top portion of the figure depicts its spectrum, G(x),
superimposed on the form function ‘f(x) \of a tungsten
carbide sphere. We chose Xq to coincide with the deep
minimum ofl f(x) ‘caused by the R-zero of Fig. 4. The
bottom portion of the figure shows the scattered pulse; it
arrives at the observer at T =-2, this being due to its

reflection at the vertex of the sphere which the incident

pulse reaches before it attains the plane through the center
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of the svhere, z = J. A‘tcr an initial transient, the
scattered culse reaci”- 4 3tronsly constricted Iuasi-
"steady-state” amplitude with <ihe constricticn being due =

the fact that the steadv-state form functionl £(x) 1| nas z
deep minimum at the selected center frecuency Xy After a
duration of 25 units of T (equal to that of the incident
pulse), the scattered signal shoots up to its original value,
and from there on it consists of a slowly decaying final
transient that can be attributed to the ringing of the R-pole
at x = 14.07, which has thus been selectively excited by our
incident pulse. Note that in Hickling's studyz, the steady-
state amplitude had been associated with interference features
in the form function, but he did not discuss initial or final
transients, clearly visible in his results.

In Fig. 6, the incident pulse has been shifted to a center
frequency of xo=13.7, i.e. in between the R- and the WG- pole
(see Fig. 4). Since here the form function is close to its
normal level (~ 1) between two resonances, the scattered pulse
has a shape close to that of the incident pulse, apart from
slight initial transients and a slight tail. This residual
ringing is probably due to the overlap of the first sidelobe of
G(x) with the xo=14.07 R-pole (it has the same decay constant
as the ringing in Fig. 5); had we chosen an incident pulse witn
a narrower spectrum (as was the case in the Ripoche experi-

mentss-a), this ringing should have been completely absent here.

K.
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Closer inspection of the tai in Fi1:. 5 {and also Fig. 6!
reveals that 1t contains a series of deo -wondin: steps; this
is demonstrated in Fiy. 7 which represe:ts o blow-up of the
initial (top) and final (bottom) transient reagions of Fig. 5
(with the T - scale displaced again so that the pulse starts
at T = 0). Veksler4 has found and discussed these steps
previously, but they are also visible in earlier experimental

long-pulse scattering results by Neubauer et al.zo.

IV. Physical Interpretation

The physical situation is best discussed using the schematic
graph of Fig. 8. The large rectangle denotes the envelope of a
rectangular incident pulse (as in the center portion of Figs.
5,6), which essentially coincides with the shape of the
specularly reflected pulse, due to minimal dispersion of the
specularly reflected wavezl. As discussed above, the head of
this specular pulse arrives at the observer at T =-2. The
dotted rectangles indicate further wave trains that penetrate
the sphere, get reflected from its rear backside vertex, and
reach the observer with short time delays (due to the high
interior sound speeds) after a possible series of back-and-
forth bounces with ever-decreasing amplitude, as indicated.
These interior reflectinns will not be our concern here. In
addition, there will also be present circumferentially-traveling
wave trains with rectangular shapes not too different from that

10-12

of the incident pulse (in spite of some dispersion ) » which,

for backscattering, proceed to the observer after 1/2, 3/2, 5/2...
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circumnavications of .. -phere's circur ference, with
successively Jdecreasitt o plituces (due +o radiation loss)

as indicated in Fig. B (small solid rectanales). Their

successive arrival tires are at T=m, 37T, smT..., multiplied
by the ratio of external and surface wave speeds, as shown.
Actually, there exists a large number of such surface waves
(R,WG) which in general, after each circumnavigation, are out
of phase with each other, so that the overlap of their
rectangles in Fig. 8 will effectively cancel their contribu-
tion. However, if the carrier frequency coincides with an
eigenfrequency of the sphere, which corresponds to a certain
surface wave producing a phase match with itself after each
ciréumnavigationls, then all the successive circumferential
wavetrains in Fig. 8 corresponding to that surface wave (only)
will add in phase. This leads to a step-wise decaying tail
in region (iii) of Fig. 8 which represents the ringing of the
resonance at the frequency in gquestion, but also to an initial
transient in region (i) of Fig. 8, stepped similarly as the
final transient (tail), in which the successively arriving
circumferential wave heads also add in phase. It now depends
whether the resonance in question interfereswith the specularly
reflected wave destructively (the more usual case for metal
targets) or constructively: in the first case, there will be
a descending staircase in region (i) of the reflected signal
leading down to the reduced steady-state amplitude of regior

(ii), as is clearly evident in the bottom portion of Fig. 5.

= . e A...‘
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In the seconi case, the nitial *ransients (i) will form an
ascending stailrcase leading ro an iugmented steady-state

amplitude in region (ii}, as e.g. in the center portions of
Figs. 17 and 13 of Refcrence 2. The bottom portion of our

Fig. 6 represents an in-between situation, with some augmenta-
tion visible.

Figure B8 shows that the width of the steps is given by

ATt = ZTrc/ct . (9a)

Resonances originate if, for the case of the sphere, a half-
integer number of wavelength522 A:[ of the 1lth surface wave

span the circurference of the sphere,
(n+1/2) Ay = 21 a. (9b)

Since A,f = 2T CL /W , this leads to

(n+1/2) cz /¢ = ka, (9¢c)

showing that the ratio of surface wave speed to sound speed

in the external fluid can be obtained from reading off the ka-

difference of adjacent resonance features caused by the lth

surface wave in the form function:

cl /c =4 (ka)nl' (94)

With ¢ = 1482m/c assumed in Fig. 1, this leads to an average
speed of the Rayleigh wave in the vicinity of the ka=14.07 resonance
(note its dispersion!) of Cp = 4366 m/s, or to a step-width of

AT = 2.13, in perfect agreement with Fig. 7.
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V. Conclusions

We have performed a numerical study, accompanied by a
physical interpretaticn, on the backscatterina by a solid
elastic sphere of finite-length sinusoidal acoustic wave trains,
chosen of sufficiently long duration so as to permit the
selective excitation of a given resonant vibration of the
sphere. While the scattering of short pulses has previously
been shownlo—lz to produce a sequence of individual, well-
separated scattered pulses due to reflected and multiply-
circumnavigating surface waves, it is seen here that long-
pulse scattering leads similarly to a sequence of overlapping,
long reflected and surface wave trains which give rise to
several types of interference phenomena, to wit:

(a) At a resonance frequency, the succession of multiply-
circumnavigating pulses builds up in phase, but interferes with
the preceding reflected pulse mainly destructively (typically,
for metal targets). We obtain a picture of an initially square
reflected pulse, which due to these initial transients builds
down step-wise to a quasi-stationary, reduced amplitude value.
(If the interference with the reflected wave were constructive,
this being the case for some Whispering-Gallery waves in metals,
and more generally for light-weight targets such as lucite, a
build-up to an augmented quasi-stationary amplitude value would
occur; this was observed by Hicklingz).

(b) Still at resonance, after the termination of the
reflected pulse a step-wise decaying tail of multiply-circum-~

navigating, constructively interfering surface waves is observed.




poy - Y
-16-
(c) Moving off resonunce, the surface waves get out of
phase and beusin to interfere dostructively, thus causing bozh

the initial transients and the tail to disappear.

In a related development, we have been able to obtain
contour diagrams of the form function modulus for spheres of
various materials, plotted over the complex frequency plane,
which dramatically exhibit the structure of complex poles and

zeros of the given target and hence lead to a better

understanding of the interference features in the form function

when plotted vs. real frequencies.

The main accomplishment of this work lies, we believe, in
a demonstration that with properly chosen incident pulses of
long duration, we can selectively excite individual resonances
of a target, and study their properties via their induced
ringing. A physical explanation of how this ringing is synthe-
sized by the repeated circumnavigations of the circumferential
surface wave which causes the resonances has been provided.
The feasibility and potential applications of this technique
for an identification of submerged elastic targets via their

resonance spectrume-14 have been convincingly demonstrated in

the experiments of Ripoche et al.9 8

Portions of this work were reported23

at the Meeting of the
Acoustical Society of America, San Diego, CA, November 1983.

An analogous study for the case of radar scattering has also

been performed by u324.
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Takhle 1

Material parameters for elastic spheres

Material e (g/cm3) 9g(m/seC) cs(m/sec)
Tungsten Carbide 13.8 6960 4195
Aluminum 2.7 6370 3120

Lucite 1.182 2680 1380
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Form ZIZunction modulivs ji\x) piotted vs. real
freguencies {t=p), and as a contour plot over complex
frequencies (botton’, for tungsten carbide (c=1482m/s).

Form function modulus If(x)\ plotted vs. real
frequencies (top), and as a contour plot over complex

frequencies (bottom), for aluminum (c=1482 m/s).

From function modulus If(x)l plotted vs. real
frequencies {top), and as a contour plot over complex
frequencies (bottom), for lucite (c = 1482 m/s).
Enlarged portion of Fig. 1 (tungsten carbide) with

c = 1482 m/s, showing one Rayleigh and one Whispering-
Gallery pole.

Top: spectrum of incident wave train superimposed on
the form function of a tungsten carbide sphere; center:
incident wave train; bottom: scattered pulse. Carrier
frequency coincideswith Rayleigh-wave interface dip at
x_ = 14.07 in the fowm function.

[o]

Same as Fig. 5, but with carrier frequency at Xy = 13.7,
not coinciding with any resonance freguencies.

Enlarged portions of the initial transient region (top)
and final tail region (bottom) of Fig. 5, showing
staircase effect.

Schematic view of superposition (without any coherent or
incoherent additions) of specular (large solid rectaggle),

penetrating and multiply internally reflected (dotted

rectangles), and circumferential wave trains (small soliad




rectanzles), shewing initial transient region (i),

guasi- steady-state revion fii), ard final transient

reglion, or ringing (iii).

Ay




Tungsten Carbide

1.5+

104 (F\/W

H£(X) |

L T T 1A T I T 7T L

T T 7
8 9 10 11 12 13 14 15 16 17 18 19 20

Re(X)

-~




Fia,

Aluminum
20+
: 1.5
g
= 104
05-
0.0 -1 1 T 1t 1 T 71 T 1 T 1 T 1 LI T T T 1
_ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
3 Re(X)
| | |
,.It__,l_;, ‘*_L,'L_l Jo IS [ Y A 1_1;
0- -
td ’ .
s -1t ’ ’ ' '
g’
E .. ]
..3-
) b‘ﬁ:“k ‘..m.\.
-4" [] ] ' ' L t } - v r - ] 0 ] + ] ] ] ' []

o




Lucite

8-
= ®]
g
—4q
0 R 1 1 ¥ Ll l J ¥ 1 r llID]‘I T 1N 1 LI
0 1 2 3 4 5 6 7 8 98 10 11 12 13 14 15 16 17 18 19 20
Re(X)
DU T T N N O O O S A O IR BN T
L ————— PR P IPRR T ot e g hd it ‘"—"
0- LI | . . A - ..—
’x\—l—‘ - . 0‘ l
E ‘
— =P ’ .
)
s
-3- . . .
* . .
| ML Y
_4.‘_.—*.——.'._1,__1__1.,_;;..%_---...;' A T T EY B S




| £(X) |

Im(X)

1.5

1.0+

0.5

Fiqa,

Tungsten Carbide

0.0

0.064
0.00-
-0.05-
-0.10-
-0.15-

“0.20 ]

1 Al L 1
14.0 14.1 142 14.3




-- INCIDENT SPECTRUM

AAAAAAA

T Ll ¥

-1.04

Al L T T T L L R

0 1+ 2 3 4 S5 6 7 8 9 W

| YY WAy
"N 2 3 % 5 1 17 8 9 20

Re(X)

1.0 -”WmmmumnmmwMINHNIUNW INCIDENT PULSE
0.5

Mm mmnmmmmmnnmmltllﬂl'

R L A L A I
0 5 10 15 20 25 30 35 40 45 50

i “l‘h‘m M m ”muummm

y w‘w M i "m

m“,mm»

-~

T 1T T T T T T T T T
-2 3 8 13 18 23 28 33 38 43 48

T




> J]lmmummmmmmnmmmﬂw'!ll'NB

. l”l!lllllummmmumnmmnummnl”

T T T 1 T 1T 1
-5 0 5 10 15 20 25 30 35 40 45 50

] \"Nmmmumm

st

SCATTERED PULSE

MWW*-'—

-7 23 8 13 18 23 28 33 38 43 48

L







Ficag,

R

—}e I | ! >

|
QU \...._ ‘ ’ ‘ ‘ I
= X{"t'up ] ‘ue u/ 'ug ‘ug U |

-d-?- - o o oy fowem

W-J||I-I’llll"l’ll-l'l-'ll—'l'wl llllllll
LA
1 B } |
- Pt L X LI L IR L L L XL L L LA L] P SRR - - ﬁlt
S A A N R A TN ¥ X X R T XL I R IE2 R R
1 —e==fE=== e e e P P e e
e om o o e o o D e G R AR E W e TR G YR W W E Wb e W WP W W W W W W w @ e w - ﬁlll o
H
Ll cme cm e mrcne s e mres e e e CE e ENS MRS e a--e

———

IVILNIHIINNDYID

lecacvcacl cnmnmdd

dVv1NJ3dS




